Neoplastic effects of vinyl chloride were studied in lungs of 27 mice exposed to vinyl chloride monomer at 2500 and 6000 ppm for 5 and 6 months (large doses and long-term exposure). Pulmonary tumors were observed in 26 of 27 experimental animals. Light microscopy showed the tumors to be multiple and arranged in either tubulo-papillary or adenomatous formations. Although occasional mitotic divisions and invaginations into the bronchiolar lumen were observed, no metastases were found. By electron microscopy, short microvilli, tight junctions between two adjacent cells, appearance of osmiophilic lamellar bodies, large mitochondria of irregular shape, well developed Golgi complexes, continuous or discontinuous basement membranes, occasional appearance of "sequestration" and of crystalloids and lack of both cilia and mucous secretory granules were observed as characteristic features of the neoplastic cells. Some of the cells were poorly differentiated and were equipped with poorly developed organoids, without formation of osmiophilic lamellar bodies. The pulmonary tumors corresponded to "alveologenic" tumors. It is suggested that the neoplastic cells were transformed from type II alveolar epithelium via its hyperplastic form.
Introduction exposure among workers in vinyl chloride polymerization plants (1) (2) (3) (4) (5) (6) (7) . A risk of lung cancer has also Hepatic hemangiosarcoma has been accepted as a been reported among the workers on the basis of serious health hazard associated with vinyl chloride epidemiological studies (8, 9) .
Experimental studies in rats, mice, and hamsters *Environmental Sciences Laboratory, Department of Com-have shown that, in addition to liver, various munity Medicine and Department of Pathology, Mount Sinai organs such as lung, bra, breast and skin, includ- number of studies have demonstrated that pulmonary tumors can be induced by vinyl chloride in mice, the significance of such occurrence and the nature of the tumors have not yet been appropriately explored (10) (11) (12) (13) (14) (15) (16) (17) .
The occurrence of the nonneoplastic pulmonary abnormalities among vinyl chloride polymerization workers has been reported on the basis of chest x-ray (18) , pulmonary function (19) and smear cytology (1) of the worker's sputum. No histopathological evaluation of the abnormalities has been reported.
It is believed that a relationship between lung cancer and vinyl chloride exposure exists from epidemiological studies (6, 8, 9, 20) . A high incidence of pulmonary tumors in mice exposed to vinyl chloride has been reported by several investigators (10) (11) (12) (13) (14) (15) . However, the nonneoplastic pulmonary effects of the chemical have not been completely explored. We have, therefore, undertaken detailed light and electron microscopy of the mouse lung, to characterize the neoplastic and nonneoplastic pulmonary effects of vinyl chloride.
Materials and Methods
Twenty-seven CDI Charles River white strain male mice, 4 to 5 weeks old at first exposure, were used. All of 27 mice used for this study were alive until they were sacrificed at three separate stages. The mice that died in the course of the experiment were excluded from the study. Group I consisted of six animals exposed to vinyl chloride at 2500 (three mice) and 6000 (three mice) ppm/hr, 5 hr/day, 5 days/week, for 5 months. They were then kept for 6 days without exposure before sacrifice. Group II included 13 mice exposed at 2500 (seven mice) and 6000 (six mice) ppm for 6 months and were kept for an additional 2 Group III included eight animals (seven at 2500 ppm and one at 6000 ppm) which were exposed to vinyl chloride monomer for 6 months followed by a 37-day recovery period. The inhalation exposures were accomplished at the Industrial Bio-Test Laboratory, Northbrook, Illinois. In addition to the experimental animals, 16 mice (four for group I, four for group II, three for group III, and five which were 12 months old) were used as controls.
To study the pulmonary effects of the chemical at smaller doses with shorter exposure, 120 mice of the same strain, sex and age were prepared. These animals were divided into four groups (30 mice in Table 1 . Pulmonary tumor production in CD1 male mice with lower doses of VC and shorter exposure (4 weeks Light Microscopy. As shown in Figure 1 , the tumors were usually seen in the peripheral part of Figure 3 , focal and multiple hyperplastic changes of the alveolar lining cells were noted in lungs exposed to vinyl chloride. In Figure  3 , neoplastic and hyperplastic cells with confidence was not feasible at the level of light microscopy. Electron Microscopy. Figure 4 is derived from neoplastic tissue of the tubulo-papillary form. Ultrastructural characteristics of the neoplastic cell included microvilli, large, round, or rod-shaped mitochondria, well-developed Golgi complexes, and osmiophilic lamellar bodies. Junctional structures (arrows in Fig. 4 ) between adjacent neoplastic cells and a basement membrane (B) were usually observed. Figure 5 was derived from an adenomatous area of the tumor. Neoplastic cells had poorly formed tubular lumens and microvilli and were smaller than those shown in Figure 4 . However, other ultrastructural characteristics, such as mitochondria, Golgi complexes, and osmiophilic lamellar bodies, were almost identical in the two. Irregular arrangements of mitochondrial cristae were fairly common, and mitochondria were often wrapped by well-developed, smooth-surfaced endoplasmic reticulum (Fig. 6) . Some of the neoplastic cells contained cytoplasmic compartments formed by membrane structures (Fig. 7) . The occurrence of such comOctober 1981 partments has been reported by Svoboda (21) , who made electron microscopic observations on the neoplastic cells in mouse pulmonary tumors induced spontaneously or by urethane. Occasionally, crystalloid structures were observed in the cytoplasm of the neoplastic cells (Fig. 8) . The above described neoplastic cells were quite similar in ultrastructure to type II alveolar epithelium. Capillaries in the neoplastic tissue consisted of single layers of nonfenestrated endothelium as seen in the normal alveolar capillary. In addition to well-differentiated neoplastic cells, poorly differentiated ones were also recognized ( Fig. 9 ). As seen in Figure 9 , the cells were cuboidal or cylindrical in shape and lacked formation of osmiophilic lamellar bodies. Mitochondria were small in size, although the cells were relatively rich in rough-surfaced endoplasmic reticulum. These cells seemed to correspond to the basophilic ones observed by light microscopy. Except for the lack of a large amount of glycogen, these cells resembled immature alveolar epithelium, as observed in fetal lung in late gestation. Neither cilia nor mucinous secretory granules were 35 Light Microscopy. In the bronchi and bronchioles, as a common finding in the treated animals, proliferation and hypertrophy of the bronchiolar epithelium were noted. As shown in Figure 11 , the terminal and respiratory bronchioles of the control mice were relatively simple in structure and the transitional point (arrows) of the respiratory bronchiole into the alveolus was easily distinguished. To differentiate the two areas, we found that Masson's trichrome was a useful stain, since the cytoplasm of the bronchiolar cells was stained an intense brown red. The bronchioles of all the animals treated with vinyl chloride monomer showed proliferation, and October 1981 FIGURE 14 . Hyperplasia of alveolar epithelium is shown.
Hematoxylin-eosin: Group III: 2500 ppm; 670 x. cellular hypertrophy, through the degree varied among the animals (Fig. 12) . The proliferated cells were irregular in arrangement (Fig. 12) . Frequently, hypersecretion of epithelial mucin in goblet cells of the bronchi as well as the proximal bronchioles was observed (Fig. 13, arrows) . It was noteworthy that those alterations were still found in the animals of group III, which had a recovery time of 37 days after vinyl chloride exposure. Chronic inflammatory changes represented by marked lymphocyte infiltration into the perivascular and peribronchiolar connective tissue were seen, particularly in group III. The most significant finding in pulmonary alveoli was a high incidence of alveologenic tumors in the treated mice, as stated before. In addition to the neoplasm, multiple foci of hyperplastic alveolar epi-39 thelium (Fig. 14) , which were strongly suggestive of being preneoplastic for alveologenic tumors (22) , were frequently observed. Mobilization of alveolar macrophages in the alveolar space was fairly commonly seen in the three groups of animals (Fig. 15) . In several cases, foam cells were markedly accumulated in alveolar space (Fig. 16 ). Two animals in group III showed bronchopneumonia-like changes.
As shown in Figure 17 , coexistence of the proliferated bronchioles with alveologenic tumors (arrow) was frequently observed. Electron Microscopy. The epithelium of the termninal bronchiole consists of the Clara cell (nonciliated) and ciliated cells; it lacks mucous-producing cells in the mice. Both cell types are illustrated in Figure   40 18, obtained from a control mouse. Clara cells lack typical microvilli and their apical portion present a dome-like shape (Fig. 18) . The smooth-surfaced endoplasmic reticulum and Golgi complex were well developed. Mitochondria were generally round in shape and their cristae were few in number (Fig.  18) . Two distinct granules, a beadlike structure (electron-dense; the long axis was 1.6-0.2 ,um) and a round phagolysosomal granule (electron-dense or opaque; 0.6 x 0.6 ,um in size) were observed in the cells. It is noteworthy that the ultrastructure of the cell is not identical among animal species and, further different fixation methods result in different structural appearances of the endoplasmic reticulum in the cell.
Environmental Health Perspectives The cytoplasm of the ciliated cell was relatively clear and it contained rod-shaped mitochondria with cristae (Fig. 18 ). Cilia and microvilli were seen in the cell surface (Fig. 18) . The two distinct granules were also occasionally seen in the cell. Ultrastructural changes seen in those cell types of the treated mice are described below.
A low-power view of the proliferated bronchiole is illustrated in Figure 19 . Hypertrophic Clara cells frequently included dark cells rich in rough-surfaced endoplasmic reticulum and free ribosomes. The cell was usually large and its shape was occasionally irregular. Deep interdigitation of the lateral cell membranes of two adjacent cells was occasionally observed. Golgi complexes were well developed, October 1981 and the two distinct granules described above were increased in number in the cytoplasm. The dark round granules are shown in Figure 19 . Although smooth-surfaced endoplasmic reticulum of the normal Clara cell was generally vesicular (with a single osmic acid fixation as used in this study, though this cell organoid is cisternal with double fixation by glutaraldehyde and osmic acid), the hypertrophic cells contained various forms of the organoid and the transformation of the rough surfaced endoplasmic reticulum into smooth-surfaced endoplasmic reticulum was easily observed (Fig. 20) . Mitochondria of abnormal shapes and large size occasionally appeared. Cristae were rather clearly shown in such abnormal mitichondria (Fig. 21) .
Ciliated cells were also involved in the proliferated alteration. The shape of the cells was occasionally irregular. Golgi complexes were sometimes well developed and phagolysosomal granules as well as round dense granules frequently appeared in the cytoplasm (Fig. 22 ). Large round mitochondria in which cristae were fewer in number were seen. In some ciliated cells, the rough and smooth surfaced endoplasmic reticulum were markedly developed (Fig. 22) .
Although light microscopic observations failed to detect details of damages in the pulmonary alveolus, various ultrastructural alterations of the alveolar cells were revealed by electron microscopy.
Mobilized alveolar macrophages were rich in phagolysosomal granules, as shown in Figure 23 . Other cell organelles were also well developed. Basophilic macrophages contained a large number of free ribosomes as well as the rough-surfaced endoplasmic reticulum, while clear macrophages were represented by intracytoplasmic osmiophilic lamellar bodies (Fig. 23 ) which seemed to be phagocytosed from the alveolar space. Occasionally, cholesterol crystalloids were found in the macrophages (Fig. 24, arrows) .
As shown in Figure 10 , hyperplastic alveolar epithelium consisted of type II cells, precursors of alveolar tumor (15) . The evolutional process of the neoplastic transformation has been reported (15) . Deformation of the cell shape, appearance of giant mitochondria with abnormal cristae, retention of large osmiophilic lamellar bodies, early introcytoplasmic "sequestration," and occasional huge lipid granules were observed. Microvilli of the cell surface were frequently decreased in number. These alterations were observed in almost all mice exposed to vinyl chloride, regardless of difference in dose and duration of recovery time.
Swelling of the cytoplasm and appearance of lysosomal granules were Focal thickening of the basement membrane was commonly seen (Fig. 25) . Sometimes, the thickened basement membrane showed a fibrillar appearance ("f" in Fig. 26 ) and contained cell debris (arrows in Fig. 26 ) which seemed to be derived from alveolar septal cells.
In additidn to swelling of the cytoplasm, lysosomal granules and a large nucleus (Fig. 27 ), segmented or nonsegmented, were sometimes observed in the alveolar endothelium.
Alveolar septal cells frequently showed hypertrophy (h in Fig. 28 ) and degeneration (arrows in Fig. 28) . In some cases, focal reticulosis was observed in the alveolar septum.
From these light and electron microscopic studies, mouse lungs exposed to vinyl chloride at 2500 42 and 6000 ppm for 5 and 6 months clearly showed nonneoplastic pulmonary changes in both bronchiolar and alveolar cells. Since these findings were not detected in control mice, they are considered related to vinyl chloride.
Neoplastic Effects of Vinyl Chloride at Smaller Doses with a Shorter Exposure
Detailed studies on pulmonary effects of vinyl chloride at smaller doses (1, 10 and 100 ppm) with a shorter exposure (4 
Discussion
Experimental studies (10) (11) (12) (13) (14) (15) (16) (17) on the oncogenicity of vinyl chloride have revealed that the monomer can induce various neoplasms including hepatic hemangiosarcoma (rat, mice, hamsters), Zymbal gland carcinoma in the external auditory meatus (rats), breast cancer (mice), nephroblastoma (rats), "lung adenoma" (mice), skin trichoepithelioma (hamsters), lymphoma (hamsters) and forestomach papilloma (hamsters). Evidence of the pulmonary oncogenicity of vinyl chloride in animals has been obtained. Viola et al. (16, 17) have reported that October 1981 rats exposed to vinyl chloride exhibited lung cancer (32%). Histological features of the cancers were stated to be those of adenocarcinoma, with the exception of a single epidermoid tumor. Maltoni and Lefemine (13, 14) , however, reviewed the histological slides of Viola et al. and stated that the lung cancers reported by the latter were not primary tumors of the lungs, but metastatic cancers from Zymbal glands. Maltoni and Lefemine (13, 14) also have reported on the pulmonary oncogenicity of vinyl chloride on the basis of their own data. Though they could not find bronchogenic carcinoma in rats, rare pulmonary hemangiosarcomas and fibrosarcomas were induced in these animals. Unlike the case in rats, pulmonary tumors ("adenomas") were found in mice (89 of 471). Maltoni and Lefemine (13, 14) noted that some of the adenomas underwent malignant transformation. Keplinger and associates (11) have found "alveologenic adenomas" in the lungs of mice exposed to vinyl chloride (44 of 49). Lee and associates (12) have stated that "bronchiolar ade- noma" developed in mice 2 months after exposure to vinyl chloride at 50-1000 ppm. Holmberg and associates (10) found "alveologenic adenoma" in 13 of 24 mice exposed to vinyl chloride at 50 ppm for 24-52 weeks. Our present study has also confirmed that pulmonary tumors are induced by vinyl chloride of both the large doses (2,500 and 6,000 ppm) with long exposure (5 and 6 months) and the smaller doses (1, 10 and 100 ppm) with a short exposure (4 weeks).
Based on all the data available, it can be concluded that mouse lung is an extremely sensitive organ for demonstrating the oncogenicity of vinyl chloride. Gross anatomical and histological aspects of the tumors in our investigation corresponded to the "alveologenic tumor or cancer" of Steward et al. (22) (23) (24) . The alveologenic tumor has been induced by various carcinogens (22) (23) (24) (25) (26) (27) (28) , such as polycyclic hydrocarbons, urethane, nitrogen mustard, methylcholanthrene, and nitrofur derivatives and is known 44 FIGURE 21 . Irregular shaped mitochondria with cristae in the cytoplasm of a Clara cell. Group I: 6000 ppm; 0S04; 12,600 X.
to occur spontaneously with aging (6, 29, 30) . The cancer induced has been distinguished from that occurring spontaneously by multiple primary foci, occasional formation of huge tumors, and occurrence without any relation to aging. It is also known that in certain strains, such as A and DD, spontaneous tumors are quite common after 10 to 12 months of age. Spontaneous pulmonary tumors could be excluded in our experimental animals; in addition to the above-mentioned points, neoplastic changes in the lungs were absent in the controls. Electron microscopically, alveolar epithelium, particularly the type II cell, was assumed to be the precursor of vinyl chloride-induced tumor in the mouse lung. This assumption was derived from ultrastructural similarities between the normal type II cell and the neoplastic cell. Similar suggestions have been made by other investigators (21, 28, 31) after studying pulmonary tumors induced by agents other than vinyl chloride.
Environmental Health Perspectives It was noteworthy that the processes of transformation of the normal alveolar epithelium into the neoplastic cell could be followed morphologically on the level of ultrastructure; the appearance of an intermediate form between type I and II cells in the alveolar lining, the disappearance of type II cell in the lining due to replacement by the hyperplastic type II cells, which were transformed from the intermediate form, and the neoplastic change of the type II cells were assumed to be a sequence of the process. The intermediate form appears in certain pathological conditions, prior to cuboidal metaplasia of the attenuated alveolar epithelium (15, 32) . Embryologically, both type I and II cells are of the same origin, the entodermal epithelum. Some of the neoplastic cells, distinguished as poorly differentiated, were similar in ultrastructure to the immature alveolar epithelium of fetal lung (15) . From these perspectives, the process of neoplastic alteration observed in the epithelium may be interpreOctober 1981 ted as a retrograde process of the normal differentiations of the alveolar epithelium. Kaufman et al. (33) have reported that Clara cells of the mouse bronchioles developed into neoplasms which could occur in a malignant form, after transplacental exposure to ethylnitrosurea. However, such a Clara cell tumor was not produced in our material.
Waxweiler and associates reported an increased number of deaths due to lung cancer among vinyl chloride workers (9) . They observed 12 cases compared to the 7.7 cases expected. Eight of the twelve were examined histologically and were classified as undifferentiated large-cell carcinoma (five cases) and adenocarcinoma (three cases). Since these human lung cancers are of bronchogenic origin, it may be that target pulmonary cells in vinyl chloride carcinogenesis are different in human and mouse lung.
Neoplastic invasion and metastases were not found in our material. However, it is known that sometimes both induced and spontaneous alveologenic 45 tumors (22, (34) (35) (36) (37) of mice show such changes and that the malignant transformation occurs with some delay after initiation of the tumor. In addition, transplantation of this tumor has been accomplished (23) . Steward and associates (22) (23) (24) therefore dubbed it an "alveologenic tumor" or "alveologenic cancer." Maltoni and Lafemine (13, 14) have found that some vinyl chloride-induced pulmonary tumors undergo transformation, although we did not observe this in our materials.
Alveologenic tumors may be considered unique in some ways, since it is possible to observe the process of malignant transformation sequentially from the precursor to the malignant cell via hyperplastic and benign neoplastic states.
Hepatic hemangiosarcoma is recognized as a characteristic malignant tumor related to vinyl chloride exposure. The tumor can be induced in a variety of 46 experimental animals (mice, rats, and hamsters) (13, 14) , and histological features of the tumor are almost identical in humans and animals. In contrast, the intrapulmonary target cells of vinyl chloride oncogenesis may be different in humans and mice. Beyond these differences, moreover, the induction of alveologenic tumors in mice by vinyl chloride may be predictive or a risk of human bronchogenic cancer from the chemical. Consistent with this is the fact that various carcinogens, such as polycyclic aromatic hydrocarbons, nitrogen mustard and chromate compounds, are known to induce alveologenic tumors in mice, on one hand, and, on the other, to be associated with excess bronchogenic carcinoma among workers exposed to the carcinogens (38 (39) have confirmed that a single 1-hr exposure to vinyl chloride in doses of 500 ppm or more induced pneumonitis in ICR mice and that aggravation of latent pulmonary changes, particularly bronchopneumonia, occurred in Fischer 344 rats.
Our present (40) study has shown that CD1 Charles River male mice exposed to vinyl chloride at a heavy dose (2500 and 6000 ppm), over relatively long term (5 and 6 months), obviously showed bronchiolo-alveolar changes. These alterations were recognized in almost all of the treated animals regardless of difference in doses (2500 and 6000 ppm), duration of exposure (5 and 6 months) and recovery time (2, 6 and 37 days).
Environmental Health Perspectives The types of pulmonary cells which were involved in the structural alterations varied. It was interesting that the ultrastructural changes seen in Clara cells and to some extent in the ciliated cells were similar to those of hepatic cells of animals exposed to vinyl chloride; cellular hypertrophy and proliferation of the endoplasmic reticulum were common responses, seen in both the bronchiolar epithelium and the hepatic cells. The endoplasmic reticulum of the hepatic cells has been suggested as the site where vinyl chloride is metabolized, to be transformed into a chemically reactive metabolite which is the' ultimate carcinogen (36, (41) (42) (43) (44) (45) . Although it has not been shown that lung has the capacity to metabolize the chemical to produce the carcinogen; if it were so, the bronchiolar cells, particularly Clara cells, may provide this mechanism: the cells are normally equipped with well-developed smoothsurfaced endoplasmic reticula and the organelles have shown a proliferative response after mice are exposed to vinyl chloride.
The fact (46) (47) . Hyperproduction of the surfactant factor was suggested, since hyperplasia of those cells was commonly seen in our material. Osmiophilic lamellar bodies and cholesterol crystalloids, which were seen in alveolar macrophages, may represent lipid substances bound to vinyl chloride. They may be removed from lung as part of the clearance mechanism for vinyl chloride. It is well accepted that mesenchymal elements such as bone, connective tissue, and blood vessels are involved in responses to vinyl chloride in various organs (36, (48) (49) (50) (10, 13, 14, 36) . It is reasonable to assume that the alveolar capillary endothelium and the septal cell suffered toxic effects by vinyl chloride, since these cells are part of the mesenchymal elements in lung, sites of uptake and excretion of the chemical and its metabolites (51, 52) .
A dose-response relationship has been suggested in the production of alveolongenic tumors by vinyl chloride. The same relationship has been seen in occurrence of alveolitis (mouse) and bronchopneumonia (rats) with the chemical (39) . A delayed appearance of these inflammatory changes after periods of recovery, following exposure to the chemical, has been postulated. A threshold dose for the induction of the nonneoplastic pulmonary lesions which are reported here has not been established.
